ABSTRACT The two egg parasitoid species Trichogramma minutum Riley and T. platneri Nagarkatti are closely related. No morphological or molecular characters are known to distinguish them. Their treatment as distinct species rests on the absence of female offspring in between-species crosses. The current species deÞnitions, which must be considered tentative, assume their natural ranges to differ, with T. minutum occurring east of the Rocky Mountains and T. platneri occurring to the west. Both species are used throughout North America for the biological control of moths in orchards and forests. They are available to growers and researchers through a large number of biological control suppliers. Because the species can only be identiÞed after crosses with known cultures, it is likely that producers often cannot be sure of the identity of their wasps. Here we studied the causes of the lack of female offspring in the between-species crosses and what happened when one species is released for biological control in the native area of the other. Our results show that females in between-species crosses are inseminated and use the sperm to fertilize their eggs, but that these fertilized eggs die. In addition, females do not preferentially mate with males of their own species when exposed to conspeciÞc and nonconspeciÞc males. These results are used in a model to predict the effect of releasing the non-native species in the native area of the other species. This model shows that such introductions can result in a prolonged and substantial reduction of intended biological control.
THE SPECIES COMPLEX consisting of Trichogramma minutum Riley and T. platneri Nagarkatti (Minutum Complex) is used throughout much of North America for the biological control of lepidopterous orchard and forest pests. These two Trichogramma are common native species in the United States and Canada and are found in both natural and agricultural ecosystems (Pinto 1999) . Among the most signiÞcant pest species targeted for control with the Minutum Complex are codling moth [Cydia pomonella (L.) ] in apple, walnut, and pear (Yu et al. 1984 , Mills 1998 , McDougall and Mills 1997 ; Amorbia cuneana Wals. in avocado (Oatman and Platner 1985) ; and spruce budworm [Choristoneura fumiferana (Clemens)] in coniferous forests (Smith et al. 1990) . T. minutum and T. platneri are available from several commercial insectaries. Fortytwo different suppliers of one or both species were listed by Hunter (1994) in an overview of suppliers of beneÞcial organism in the United States and Canada based on data collected in 1994 by the California Environmental Protection Agency. The utility of these species as biological control agents is limited by the difÞculty in identifying them. They are morphologically identical and were given species status only after a laboratory culture from southern California was found to be reproductively incompatible with one of T. minutum from Missouri (Nagarkatti 1975) . Nagarkatti named the California sample T. platneri and considered it a sibling species of T. minutum. This incompatibility was not restricted to the original laboratory cultures but characterizes several other crosses between lines from east of the Rocky Mountains and those from coastal California (Pinto et al. 1991) . In the revision of North American Trichogramma, Pinto (1999) used geography as the most practical way of distinguishing the two species while noting that such a separation was tentative because material from so little of their range had been examined. A study of the taxonomic structure of the Minutum Complex and the validity of T. platneri currently is under way. For purposes of this article, however, we continue to recognize T. platneri and T. minutum as distinct species.
Reproductive incompatibility in Hymenoptera is measured using the production of females in interstrain crosses (Pinto et al. 1991 , Stouthamer et al. 1996 because only females result from fertilized eggs, whereas males originate from unfertilized eggs. The lack of females in between-species crosses can have several causes: (1) no insemination takes place in the between-species crosses, (2) insemination takes place but males develop from fertilized eggs, (3) fertilized eggs die and the all-male offspring produced stem from unfertilized eggs. These various outcomes can have profound effects on biological control when one species is released in the native area of another. If no interspeciÞc mating occurs, the effect of releasing a non-native species might not have much of an inßu-ence on biological control, whereas if there is no premating isolation between the species, severe negative effects can result. In this latter case, all matings between the species fail to produce females and the potential growth of both native and introduced Trichogramma populations is reduced to below the relative growth rate expected if only a single species was present. There is considerable potential for release of the inappropriate species with the Minutum Complex. This is because commercial suppliers of Trichogramma commonly sell both T. minutum and T. platneri (Hunter 1994) . Considering the impossibility of separating the two without crossing experiments, this can easily lead to the unintended replacement of one species by the other in mass cultures. Also, because the geographic distribution of these two species remains poorly understood, a decision on the appropriate one to release in a given area is not necessarily straightforward. Among others, this includes the areas between the high plains and the west coast, as well as the area north of California (Pinto et al. 1992 , Pinto 1999 . This vast region contains several of North AmericaÕs most important fruit-growing zones.
Here we study the causes of all-male offspring production in the between-species crosses between T. minutum and T. platneri in the laboratory and the potential consequences of this incompatibility for biological control. Our results are applied to a simple model describing the relative population growth in populations when wasps are released in a non-native area against Lepidoptera pests laying relatively small, single eggs, such as the codling moth and oriental fruit moth, Grapholita molesta (Busck), two common and important orchard pests in North America (Rothschild and Vickers 1991, McDougall and Mills 1997) .
Materials and Methods
Trichogramma Cultures. The T. minutum culture used originated from a single mated female emerged from a Manduca sexta (L.) egg collected in Chula Vista, CA, in 1973 (isofemale line number 100373Ð1). This later appeared to be the only West Coast collection of T. minutum and may have resulted from a release of T. minutum for biological control. The T. platneri culture originated from a single mated female emerged from a codling moth egg from apple in Riverside, CA, in 1986 (isofemale line number 072486 Ð1). Both cultures were directly or indirectly crossed with those originally used by Nagarkatti (1975) to separate the two species (Pinto et al. 1991) . Cultures were maintained on irradiated Trichoplusia ni (Hü bner) eggs as described in Pinto et al. (1991) . In all experiments, irradiated T. ni eggs were used as hosts. For both rearing and experiments the wasps were kept in glass vials (9 by 2.5 cm).
Several crossing experiments were conducted to determine if T. platneri and T. minutum are reproductively compatible. In the Þrst experiment, we veriÞed the previously found incompatibility of the two species; i.e., the cross between the species does not result in female progeny (Nagarkatti 1975 , Pinto et al. 1992 . Next, we determined if the lack of female progeny in these between-species crosses is caused by the lack of sperm transfer during the between-species matings. These experiments were followed by experiments to determine if the lack of female offspring is simply caused by a failure of the females to fertilize their eggs or by mortality of the fertilized eggs. Finally, experiments were done to test the mate choice of females when they are exposed simultaneously to males of their own and the other species.
Crossing Experiment. The crossing experiment consisted of all possible crosses between males and females of both species. It followed the general procedures outlined by Pinto et al. (1991) . We set up a total of 12 crosses between males and females of the same species (within-species crosses); T. platneri female X T. platneri male, and T. minutum female X T. minutum male, 12 replicates of both between-species crosses; i.e., T. minutum females X T. platneri males; and T. platneri females X T. minutum males. To ensure that the females used in crosses were unmated and arrhenotokous, we also set up a total of nine replicates of virgins of each species. Individuals used in all crosses were Ͻ24 h old. After mating, the male and the female were kept together in the vial and an egg card was added that contained at least 30 host eggs and some honey as a food source for the wasps. Three days after the Þrst offspring emerged, the vials were placed in a freezer to kill the wasps. The number of parasitized eggs and number and sex of the offspring were then determined. The signiÞcance of the difference between the mean male production in the withinspecies and between-species cross was determined using the WilcoxonÐMannÐWhitney test (Siegel and Castellan 1988) .
Egg-Detection Test. To determine the fate of eggs fertilized by nonconspeciÞc sperm, we set up 10 replicates of each between-species and within-species cross. Females were given an egg sheet containing Ϸ20 hosts and allowed to parasitize for 24 h. After 24 h, the females were removed and checked for insemination by determining if sperm was present in the spermatheca. In those replicates where the female was inseminated the host eggs were split in two batches of Ϸ10 host eggs. One batch was left for emergence of offspring and the other batch was used to determine the number of wasp eggs laid. This was accomplished by squashing a host egg under a cover slip on a microscope slide and counting the number of wasp eggs under appropriate magniÞcation. As a measure of wasp mortality during development from egg to adult we compared the mean number of wasp eggs per exposed host egg in the between-species cross with that in the within-species cross of the same maternal line, and we also compared the number of wasps emerging per exposed host egg using a WilcoxonÐ MannÐWhitney test (␣ ϭ 0.05) (Siegel and Castellan 1988) .
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Mate Choice Test. In this test we determined if females prefer to mate with conspeciÞc males. The test consisted of placing a virgin female in a vial with a male of both T. platneri and T. minutum. For each maternal species, the experiment was replicated 40 times. The males used in these tests emerged either singly or as a two-male pair from a host egg. The female was observed until mating took place with a maximum observation time of 10 min. After the female had mated the unmated and mated male were caught with a Þne brush and stored in 80% ethanol for size measurement. Only those replicates were used where females mated successfully with only one male. After males were removed, the female was left with host eggs for 24 h. She then was removed and we determined if she had successfully been inseminated by checking her spermatheca for the presence of sperm as described above. Three days after the Þrst offspring emerged the vials were placed in the freezer and subsequently the sex of the offspring was determined. Inseminated females producing all-male offspring were considered to have mated with a nonconspeciÞc male; those producing offspring of both sexes were assumed to have mated with a conspeciÞc male. The preference for one type for the species of male was tested using a chi-square test (Siegel and Castellan 1988) . The size of the males was determined by measuring their hind tibia (Waage and Ng 1984) . We determined if male size was an important factor in the females partner choice by comparing the size of the successful male with that of the unsuccessful male using a sign test (Siegel and Castellan 1988) .
Model Development. Assume that in an area containing a native population of Trichogramma (N), an alien Trichogramma species (A) is released. Both species do not differ in fertilization proportions or in offspring allocation to hosts of similar size. We assume that this population is closed and no emigration or immigration takes place, except that occurring through the release of wasps. Assume also that the frequency with which sib mating occurs (s) does not differ between the two species. If no assortative mating occurs between the species and all eggs fertilized by nonconspeciÞc sperm die, then the dynamics of the two forms within one area can be expressed in recursive relationships, where Nf t and Af t indicate the fraction of females in generation t belonging to respective species N and A; similarly, Nm t and Am t indicate the fraction of males in generation t belonging to species N and A. The number of females of the native population in generation t ϩ 1 equals the number of daughters produced by the females in the previous generation, divided by the total number of females produced in that generation. Only those native females that mate with a native male will produce daughters, i.e., the native females that sib mate will always mate with a native male (their brother) (ϭNf t s) and of those native females that do not sib mate a fraction still mates with a native male [Nf t (1-s)]. This fraction is determined by the fraction of native males among all males (ϭNm t ). The total number of daughters produced in generation t equals the faction of Therefore, the relations can be written as follows:
The fraction of females dying as embryos because of the incompatible crosses, which is the same as the reduction in potential population growth rate, is given by the relationship: proportion of females dying in
Data on Sib Mating from Field-Collected Eggs. Trichogramma females are known to measure the size of their host to adjust the clutch size (Schmidt and Smith 1987) . The sex allocation of their offspring is in general accordance with the local mate competition theory (Waage and Lane 1984) . In larger solitary hosts, this results in the allocation of a single male and several females. Upon emergence, the male mates with his sisters. The frequency of such sib mating is generally a function of the size of the host and of the number of hosts found per patch. When the hosts are small and solitary, the wasps generally allocate a single offspring to the host and the population sex ratio will be close to 50%, with little sib mating taking place. However, when hosts are large or laid in patches, offspring will have a female-biased sex ratio and the sib mating frequency may be substantial. This sib mating frequency is important in understanding the dynamics in a system where two reproductively isolated species co-occur but no premating barriers exist, because sibs will always be conspeciÞc and therefore compatible. To determine the sib mating frequency in Minutum Complex Trichogramma we collected parasitized Lepidoptera eggs, primarily in untreated apple and pear in areas with no known history of recent releases of Trichogramma.
Results
Crossing Compatibility of T. minutum and T. platneri. All between-species crosses (Table 1) resulted in male progeny only; whereas, in both within-species crosses, 11 of the 12 replicates produced female offspring as well. In all cases, all the virgin females produced males exclusively. These results indicate that indeed both species are completely incompatible in these crosses. In addition, the number of sons produced in the crosses involving the same maternal line does not differ between the within-species cross and the incompatible cross.
Egg Detection Tests. No sperm transfer had taken place in only four of the 40 crosses. Results show that between the between-species cross and within-spe-cies cross of the same maternal species there was no signiÞcant difference in the mean fraction of hosts with wasp eggs, but the mean fraction of hosts resulting in offspring was signiÞcantly lower in the betweenspecies cross (Table 2 ). In addition, the mean male production per host did not differ signiÞcantly between these two crosses, indicating that there was no signiÞcant difference in the number of unfertilized eggs laid.
Mate Choice Test. In the mate choice experiments, the females did not show a signiÞcant preference for males of either species (Table 3) . No signiÞcant preference was shown by the females in their choice of mate based on the relative size of the males (data not shown).
Model. The model shows (Fig. 1 ) that there is a substantial reduction in population growth rate when an alien species is released in the native area of another incompatible species. The reduction in population growth rate is a function of the level of sib mating. When there is no sib mating, the reduction in population growth rate is initially the highest, but it also takes the fewest generations to disappear. For higher levels of sib mating, the initial decrease is much smaller but the effects are evident much longer.
Sib Mating Frequency Estimate. We found the most commonly parasitized host in apple and pear orchards in the western United States in 1997 to be the codling moth, C. pomonella; in the eastern United States in 1998, parasitized eggs of both the codling moth and the oriental fruit moth, G. molesta, were the most frequently encountered. The eggs of both species are small, singly laid, ßat oval discs, measuring Ϸ0.6 by 0.7 mm in G. molesta and Ϸ1.0 by 1.25 mm in C. pomonella (Chapman and Lienk 1971) . Collections resulted in a total of 340 eggs of both tortricid species that were parasitized by T. minutum/platneri. The Minutum Complex was by far the dominant Trichogramma in our collections and was present in virtually all areas sampled. The sex and number of offspring emerging from these eggs was determined (Table 4) . These data can be used to determine the maximal sib mating frequency to be expected in association with these hosts.
In the oriental fruit moth sample, 27 of the 56 females emerged with a male; and in the codling moth sample, 282 of the 450 females emerged with a male (Table 4) . Assuming the males and females emerging from a single host share the same mother, then the frequencies of sib mating will be at most Ϸ27/56 ϭ 48% for wasps emerging from the oriental fruit moth, whereas for the codling moth it is Ϸ282/450 ϭ 63%. When taking both host species together, a total of 309 of 506 females (61.1%) emerged with a brother and had the potential to sib mate. The mean offspring sex ratio in this population is 68.2% females.
Discussion
The species T. platneri and T. minutum are completely incompatible. This incompatibility was not caused by a lack of insemination in the betweenspecies crosses, as sperm transfer occurred. The results of the egg detection test showed that in the between-species crosses, similar numbers of eggs were laid to those in the within-species crosses, but fewer Means followed by the same letter do not differ signiÞcantly from each other, Wilcoxon-Mann-Whitney test (P Ͼ 0.05).
Table 2. Offspring production in all possible crosses between T. minutum (M) and T. platneri (P)
Cross wasps emerged from these eggs. At the same time, the number of males emerging from host eggs did not differ between these two samples, making it likely that the eggs dying were those fertilized with sperm from nonconspeciÞc males. This explains the lack of female offspring in the between-species crosses. The females also do not appear to be selective in their mate choice when they are exposed to a conspeciÞc and nonconspeciÞc male simultaneously. Consequently, we can expect that when these two species are mixed in the Þeld through releases for biological control in orchards, between-species matings will take place. The frequency of these between-species matings will depend on the relative frequency of the individuals of each species and on the frequency of sib mating. The type of hosts the wasps parasitize in the Þeld largely determines the sib mating frequency. We have calculated the maximally expected sib mating frequency by determining the fraction of females emerging from eggs with a male (assumed to be their brother). Overall, this maximal sib mating frequency will be Ϸ60% in a mixed population of both pests. The model can give a global idea of the frequency of between-species matings in such a population and thus of the reduction of the potential population growth rate. Because no immigration or emigration is assumed in the model, the species present in the largest number after the release will eventually overtake the other species. In actual releases, however, the alien species will always lose out because migration and incompatibility will result in the demise of the introduced species, except where releases are continuous and massive. The results given in Fig. 1 show a substantial reduction in the potential population growth rate when the two Trichogramma species are mixed. This reduction can linger for a long time. Biological control will still be improved immediately after release of the non-native species because initially the population density of the wasps will be increased substantially. However, in the generations after release the negative effects become obvious, particularly when eventually the Trichogramma population density declines to "natural" levels determined by host availability. We conclude from these calculations and from our crossing experiments that to optimize the efÞcacy of biological control of lepidopterous orchard pests, it is important to release the native species of the Minutum Complex. This is particularly important with pest species laying small, isolated eggs such as codling moth and oriental fruit moth, where application of the nonnative Trichogramma can cause reduced control for several generations. Although advice on the ÔcorrectÕ species to release in a given area must be tentative because of our partial knowledge of the geographic range of the two species involved, a pragmatic solution to this problem is to restrict application of T. minutum to areas in the eastern United States and of T. platneri to the western United States. Work currently in progress will deÞne more precisely the distributional limits of the two species. In addition, insectaries providing these Trichogramma to growers and researchers should be able to certify the identity of their material. Because of the lack of simple characters to separate these species (Pinto 1999 , Stouthamer et al. 2000 , we are not hopeful that initial identiÞcations can be made correctly or that mass cultures of veriÞed material can remain uncontaminated, particularly if both species are reared on the same premises. Frequent checks to ascertain the species identity of the wasps through crossing experiments with certiÞed T. minutum and T. platneri strains will be necessary to guarantee the identity of the material provided. In addition, researchers should be aware of these problems because the efÞcacy of the biological control tested in their studies may be inßuenced by this incompatibility (Lawson et al. 1997) . In deciding which species to release for biological control, the potentially more favorable life history characters of T. minutum compared with T. platneri (McDougall and Mills 1998) Fig. 1 . Relationship between the reduction of the potential growth rate of total Trichogramma population (sum of native and alien species) and the number of generations after release of an alien Trichogramma species in a closed population of the native species for several frequencies of sib mating. Immediately after the release, 40% of the females and 40% of the males in the population belonged to the alien species. should be weighed against the expected decline in Trichogramma population growth rate when T. minutum is released in the native area of T. platneri.
